I. INTRODUCTION
Viscous fingering (VF) instabilities impact numerous industrial and environmental applications ranging from oil recovery, CO 2 sequestration, pollutant dispersion, and spreading of peaks in chromatographic separation techniques to name a few. VF occurs as soon as a fluid of low viscosity, and thus high mobility, displaces another more viscous fluid in a porous medium. Control of this instability is of tantamount economic and environmental importance as a decrease of the resulting mixing between fluids by even a few percent could already yield substantial financial gains in, for example, enhanced oil recovery techniques.
As a result, interest in the control of the properties of this instability by mechanical, [1] [2] [3] [4] [5] [6] [7] thermal, [8] [9] [10] [11] [12] [13] or chemical [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ways for instance are of constant interest in the literature. Numerous experimental and theoretical works have already shown that the properties of the fingers (such as their mixing length or their area) can be strongly affected by in situ changes in the viscosity field distribution induced by gradients of temperature or composition in the solutions. As an example, Nagatsu et al. have recently shown experimentally that a chemical reaction modifying in situ the local value of viscosity during a reactive displacement of a viscous solution of pH-responsive polymer by a less viscous solution of a base or acid solution can modify the fingering pattern. 15, 20 Riolfo et al. have furthermore evidenced that a reaction can even trigger fingering when a viscous polymer solution displaces a less viscous reactive solution. 22 Qualitative understanding of the thermally-or chemically-driven control of fingering properties typically rely on numerical computation of the spatio-temporal evolution of the temperature 9, 12 or concentrations 18, 21, 22 fields. The viscosity field is then deduced on the basis of a state equation relating the viscosity to temperature or chemical concentrations. Alternatively, simple qualitative explanation on how the viscosity is assumed to change locally during the experiment as a function of expected changes of temperature or concentration are sometimes invoked. 15 At this stage, unambiguous proof that the instability mechanisms predicted theoretically are actually at play in the observed experimental pattern is however impossible. Indeed, these mechanisms rely on the local variations of some fields (temperature, concentration, or viscosity), whereas VF is typically visualized experimentally by following the spatio-temporal evolution of a dye initially mixed with one of the two fluids. 8, 10, 15, 20, 22 As shown numerically, the pattern of the dye is however not necessarily the same as the pattern of either the temperature, the solutes concentration, or the viscosity. 21 Indeed, the dye does not generally follow the same evolution equation than these other fields and its concentration remains unchanged by local gradients of temperature or composition. As a consequence, a dye does not allow to track in situ changes of the viscosity when a fluid passes over a local hot zone for instance or when a reaction at a miscible interface locally modifies the composition of a solute affecting the viscosity.
To understand the properties of VF and, eventually, control it by either thermal or chemical ways requires finding an alternative to follow in situ during an experiment the dynamic evolution of the viscosity gradients. Such an experimental access in real time to the temporal evolution of the viscosity field remains a challenge, which has not been achieved to the best of our knowledge.
In this context, we show that in situ quantitative analysis of the spatio-temporal evolution of the viscosity field during fluid displacements in a Hele-Shaw cell can be achieved by imaging the flow using the fluorescence emission of a viscosity-sensitive molecular probe, Auramine O. 25 The analysis can be applied to study both miscible and immiscible displacements in both stable and VF conditions. We show that a two-dimensional reconstruction of the dynamic viscosity field can be achieved provided the fluorescence intensity is properly calibrated with respect to the viscosity variations. While quantitative information is fairly easy to obtain in the case of immiscible fluids, the situation requires to be more cautious for miscible fluids. In this case, the nonuniform shape adopted by the injected fluid within the gap of the Hele-Shaw cell may affect the interpretation of the data. Nevertheless, comparison between relative changes of fluorescence amplitude between the displaced and injected fluids allows for studying local changes of viscosity and fluid layer thickness as demonstrated here upon visualization of local viscosity changes when the fluid passes above a locally heated region.
II. METHOD
The system under consideration consists in a Hele-Shaw cell made of two optical quality glass plates (6 mm thick) separated by a thin gap of thickness b = 0.65 mm. The cell is illuminated from above. The lower glass plate was painted with flat black paint for the fluorescence measurements and painted white for the dye measurements. Figure 1 shows a simple schematic of the experimental setup and a corresponding picture of the apparatus used for flow imaging. The injection hole is located in the center of the cell and the injection is done at a constant volume flow rate Q = 3.00 ml/min with a syringe pump (See details in the Material part of Appendix C). The flow is visualized by imaging the fluorescence produced by a viscosity-sensitive molecular probe: Auramine O in this work. 25 The calibration is performed with water-glycerol mixture of various viscosity using a constant concentration of Auramine O, namely 0.20 mM. Therefore, in the miscible case, the concentration of the molecular probe should stay constant everywhere in the cell during the flow experiments to get meaningful results. Prior injection, both injected and displaced fluids should thus contain the same concentration of fluorescent probe, especially if the Péclet number is low.
A. Molecular probe
Viscosity-sensitive fluorescent molecular probes are currently emerging in various fields as a powerful quantitative visualization tool. For example, they are used in polymer chemistry to study changes in free volume of polymers as a function of polymerization reaction parameters, molecular weight, and crosslinking, [27] [28] [29] [30] in cell physiology to study cell membrane viscosity which is linked to Radial pumping is accomplished with syringe pump. The distance b between the two plates of the Hele-Shaw cell is set to 0.65 mm. r is the radial distance measured from the injection point and the z coordinate is measured from the middle of the gap between the two plates.
alterations in various physiological processes in the cell 31, 32 or in physics to measure microbubble viscosity 33 or to visualize shear stress in fluids. 34 Auramine O, one of these fluorescent probes, belongs to the family of molecules called "molecular rotors." Such molecules are characterized by the ability to form, upon photoexcitation, twisted intramolecular charge transfer (TICT) states through the rotation of one segment of the structure with respect to the rest of the molecule. 35 After photon absorption, a molecular rotor can return to the ground state either from the locally excited state (planar state) or from the twisted state. In the first case, the excited electron relaxes to a number of vibrational states and loses energy before returning to the ground state through photoemission (Fig. 2) . This loss of energy through vibrational states is predominantly responsible for the wavelength shift between absorption and fluorescence spectra ( Fig. 3(a) ). The fluorescence lifetime for Auramine O is smaller than 130 ps 36, 37 which ensure an essentially instantaneous response time compared to the typical hydrodynamic timescale of the experiments. In the second case, the molecule is excited to a TICT state and returns to the ground state through (nonradiative) vibrational relaxation because of the low TICT S 1 − S 0 energy gap (Fig. 2) . Notice that some molecular rotors have a larger TICT S 1 − S 0 energy gap, such as DMABN, 38 and emit radiation to relax to the ground state yielding dual emission bands. In order to reach a TICT state from the locally excited state, the electron needs to pass over a potential barrier, (µ) (Fig. 2 ). This energy gap is influenced by the interaction with the molecules of the solvent through dipole-dipole interactions, hydrogen bonds, isomerization, or excimer formation. This potential barrier is also sensitive to steric hindrance and increases with the solvent bulk viscosity. 35, 39 The probability of energy relaxation through the TICT state is then reduced as the solvent viscosity increases and radiative relaxation is thus favored leading to an increase of the fluorescence intensity. This effect is shown in Fig. 3(b) giving the fluorescence intensity of 0.20 mM of Auramine O in water-glycerol solutions measured for various mass concentration of glycerol using a spectrometer equipped with the same bandpass filter as used with our camera. The viscositydependent fluorescence is characterized by a broad band between 500 nm and 600 nm peaking around 510-520 nm (see Fig. 3(a) ). 40 The excitation spectrum is predominately located between 350 nm and 470 nm and produces the same fluorescence spectrum when the wavelength of the excitation light spans this interval.
These spectra could in principle be used to obtain a calibration curve relating fluorescence intensities to viscosity. However, the experiments are imaged in a different geometry using a camera instead of the spectrometer. We thus used another procedure to obtain the calibration curve as explained hereafter. 
B. Calibration
The calibration of the fluorescence intensity as a function of fluid viscosity is performed as follows. The Hele-shaw cell is filled by various water-glycerol mixtures of known viscosity 41 containing the same concentration of Auramine O, namely 0.20 mM. Images of the cell filled with various water-glycerol mixtures of known composition are taken with a camera equipped with a 550 nm filter and located above the cell, while the experimental setup is in complete dark to measure the spurious background light, I B . The cell is then illuminated from above by a 365 nm excitation light and images are taken to measure the fluorescence intensity I WG . The background light I B is then subtracted from these images. The image obtained when the cell is filled by pure glycerol is used as reference for fluorescence intensity, I 0 . For other compositions, the grayscale values I WG of each pixel of each image are then divided by the grayscale value of this reference image to obtain relative fluorescence intensities, I R . For each pixel, we thus apply the following formula:
The distributions of these relative intensities over each image are shown in Fig. 4 (a). They are fitted by Gaussian functions to estimate their width, which gives the errors on I R . The relation between the viscosity of each water-glycerol mixture and the fluorescence intensities obtained by this procedure is shown in Fig. 4(b) . The vertical error bars are obtained by assuming an error of 1 • C on the water-glycerol mixture temperature. A one-parameter exponential fit describes well the data over the range of fluorescence intensities considered in this work:
where µ g = 1412 mPa s is the pure glycerol viscosity at room temperature (20 • C) and B = 3.43 ± 0.21 is the fitting parameter.
This calibration curve relates the fluid viscosity, µ, to the relative fluorescence intensity, I R , and allows thus to reconstruct in situ and in real time values of the local viscosity during Hele-Shaw flows. For this purpose, we use Eq. (1) for each pixel where we replace I WG by the fluorescence intensity of this pixel in the grayscale flow image, I F ,
III. SPATIO-TEMPORAL EVOLUTION OF THE VISCOSITY FIELD
In order to illustrate the physical insights gained thanks to tracking the local viscosity field, we have performed several displacement experiments using a thermoelectric heater localized in a small region below the cell. The objective is to induce locally some viscosity changes due to a local heating and analyze the related two-dimensional viscosity field quantitatively reconstructed using a fluorescence probe. Initially, the horizontal cell is filled by a fluid of viscosity µ 2 which is then displaced radially by another fluid of viscosity µ 1 . If µ 1 > µ 2 , the displacement is viscously stable and gives a circle expanding radially and deformed locally in the zone where the localized heating favors increased flow. If µ 1 < µ 2 , a viscous fingering instability takes place leading to a fingeredshape deformation of the interface. 42 In Sec. III A, we consider displacements of immiscible fluids whereas miscible displacements are discussed in Sec. III B. The viscosity field is reconstructed from both the relative fluorescence intensity maps (3) and the calibration curve (2). These results are compared to those obtained using non-fluorescent dyes (simply denoted dye in the following), such as trypan blue, for visualizing the flow.
A. Immiscible case
During a Hele-Shaw flow involving two immiscible fluids, the interface is sharp, and the viscosity on both sides is constant and equal to the initial viscosity of each fluid. In order to induce a viscosity gradient, a thermoelectric heater is placed below the cell and produces locally a temperature gradient. Near this heat source, the fluid viscosity decreases and the fluid volume expands which leads to a deformation of the interface. In the stable case, when pure glycerol is injected into air (Fig. 5) , the interface is no longer circular and bulges toward the hot region. When visualized with a dye (Fig. 5(a) ), only information about the shape of the interface is accessible. In contrast, using Auramine O as a probe allows visualization of the viscosity gradient inside the injected glycerol ( Fig. 5(b) ). The reconstructed viscosity field is shown in Fig. 5(c) .
B. Miscible case
During a Hele-Shaw flow involving two miscible fluids, mixing occurs at the contact zone between them producing a viscosity gradient. However, the Péclet number of our experiment is rather large (Pe = Q/(b D) 10 5 , where D is the diffusion coefficient) and diffusion is negligible compared to advective transport. The interface can thus be considered as sharp in good approximation with a constant viscosity on both sides of the interface as for immiscible fluids. However, the fluorescence intensity measured during the flow experiments presents a smooth gradient between the two fluids (see Fig. 6 (b) which contrasts with Fig. 5(b) where the interface is sharp). This fluorescence gradient is due to the Poiseuille-like shape adopted by the injected fluid within the cell gap because of the absence of surface tension. Using a sharp interface as approximation, it is possible to relate I R to this 3D shape as explained in Appendix A. To highlight the physical insight gained in the dynamics by the use of fluorescence, we first consider the stable situation where pure glycerol containing 0.20 mM of Auramine O displaces pure glycerol without Auramine O. As stated above, the concentration of Auramine O should ideally be constant everywhere over the cell to get consistent results with respect to calibration, which is not the case in this experiment. However, since we are working at high Péclet number, mixing due to diffusion is negligible and one can assume with good accuracy that the concentration of Auramine O inside the injected fluid remains constant during the experiment timescale. In this situation, the shape adopted by the injected fluid can be computed exactly using the Stokes approximation (creeping flow), since the Reynolds number characterizing our experiments is low (Re 10 −4 ). This exact expression is given by Eq. (B14) in Appendix B. The relative fluorescence intensity is measured along eight radial lines separated by an angular distance of π /4 as shown in Fig. 6(b) . The experimental shape of the injected fluid is reconstructed from the relative fluorescence intensity using Eq. (A3) with I R (µ 2 ) = 0 (because there is no Auramine O in the displaced fluid) and I R (µ 1 ) = 1 (because the injected fluid is pure glycerol). The result is reported in Fig. 6(a) . The data dispersion is due in part to the slight departure from perfect radial symmetry. The agreement between experimental and theoretical shapes is good and shows that a quantitative measurement of the characteristics of the flow can be obtained. The same procedure can be applied to reconstruct the 3D profile of the injected fluid in the unstable situation where a less viscous fluid displaces a more viscous one. In the previous stable case, it was not possible to dissolve the molecular probe in both fluids because they are identical and would thus produce the same fluorescence intensity making them indistinguishable. In present unstable case, both fluids contain the same concentration of Auramine O and produce different fluorescence intensities due to the viscosity contrast. Figure 6 (c) shows the fluorescence intensity and Fig. 6(d) shows the 3D spatial reconstruction of fingers of the injected water-glycerol solution displacing pure glycerol.
The results summarized in Fig. 6 could in principle be obtained with dyes using a procedure similar to the one explained in Ref. 43 . However, imaging via a dye does not allow to track the viscosity gradients behind the dye/colorless interface within the mixing zone. Indeed, once a thermoelectric heater is placed below the cell and induces a viscosity gradient, a visualization based on dyes does not provide physical insight on the dynamics beyond the 3D shape of the flow as shown in Figs. 7(a) and 7(d). The inset of Fig. 7(a) shows the relative grayscale intensity obtained by dividing the gray value of each pixel of Fig. 7(a) by the gray value of the photo taken just before injection. This relative intensity profile is related to the actual 3D profile of the injected fluid and shows a smooth transition between the two fluids due to the Poiseuille-like profile. On the contrary, when using a fluorescent probe, local changes in viscosity can already be tracked by fluorescence intensity changes as shown in Figs. 7(b) and 7(e) . The reconstructed viscosity fields shown in Figs. 7(c) and 7(f) provide new physical information compared to dye visualization with a strong viscosity gradient near the hot region.
To show this, let us first note that the fluorescence intensity is influenced by both the 3D shape of the injected fluid and the viscosity gradient. Consequently, the numbers in the color scale of Figs. 7(c) and 7(f) must be used for interpretation of the data by taking these two elements into account. Indeed, far from the heater, the variation of fluorescence intensity is essentially due to the thickness variation of the layer of injected fluid as shown in Fig. 6 . Near the heater, the change of fluorescence intensity is in contrast essentially due the variation of the viscosity of both injected and displaced fluids since, in this small region, the thickness modulation is moderate.
These effects are well seen in Fig. 7(f) . Near the injection point, the thickness of the injected fluid layer is almost equal to the cell gap. The reconstructed viscosity field is low and equals the viscosity of the less-viscous injected fluid. In contrast, the fingers located far from the heat source appear with an intermediate viscosity not because the viscosity has increased but because the thickness of the injected fluid is also intermediate. Indeed, the relative fluorescence intensity is I R ≃ 0.65 in these regions (which, through Eq. (2), implies µ ≃ 425 mPa s in the scale of Fig. 7(f) ). If we again assume that there is no significant mixing between the two fluids because of the high value of the Péclet number, Eq. (A3) gives the thickness of these fingers. The viscosity of the injected fluid 41 is • C inside the fingers located above the heat source. If we assume that the thickness of the fingers increases, for instance, by 10% due to thermal expansion, the viscosity slightly increases up to µ 1 = 60 mPa s leading to roughly the same estimation for the temperature.
The interplay between the viscosity changes of both fluids and the variation of fluid thickness prevents obtaining strict quantitative reconstruction of the viscosity field for miscible fluids. Nevertheless, (semi-)quantitative information can still be obtained, as shown here. In particular, local values of temperature and of liquid layer thickness can be computed. This relative quantitative information should prove to be important for non-ideal mixing or when products with viscosities larger or smaller than the injected and displaced fluids are formed at the contact zone in reactive displacements. Notice that using the 3D profile obtained with a non-fluorescent dye together with results obtained from fluorescence intensity should allow one to refine the information about the viscosity field.
IV. CONCLUSIONS
Results shown herein demonstrate that real-time quantitative determination of the viscosity field can be achieved from the fluorescence of a molecular probe during stable displacements and viscous fingering of both miscible and immiscible fluids for sufficiently high values of viscosity. We show that, for immiscible displacements, fluorescence measurement allows for a quantitative reconstruction of the viscosity field even in regions where changes due to a local heating cannot be tracked by the use of a dye. For miscible fluids, the local value of viscosity during displacements in Hele-Shaw cells depends on both the thickness of the injected fluid layer and temperature. We are able here to reconstruct from fluorescence the relative weight of each effect in the various regions of the flow. This provides physical information on the spatio-temporal distribution of viscosity, film thickness, and temperature during fingering in the Hele-Shaw cell influenced by a local heating.
The primary limitations of the analysis are the noise, limited sensitivity, and intensity resolution of the camera as well as the stability of the excitation lamp. Use of a scientific-grade, cooled CCD array camera should vastly increase the sensitivity to the emitted fluorescence leading to more subtle gradients in viscosity. Insight into the nonlinear dynamics of viscous fingering gained by our analysis should be easily transferable to a variety of displacement problems with the primary limitation being the existence of a sufficiently soluble, viscosity-sensitive molecular probe in the liquids of interest. Let I µ denotes the intensity of fluorescence per unit volume emitted by a fluid of viscosity µ. Let S be the area seen on 1 image pixel. If one neglects the absorption by the fluid of the emitted light, the fluorescence intensities received by this pixel is simply the sum of the intensities emitted by each elementary fluid volume below the area S. The relative fluorescence intensity, I R , of that pixel with respect to a fluid of reference with viscosity µ 0 (pure glycerol in our case) is thus given by
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The relation we obtain between I R and the viscosity µ is given in Eq. (2).
Hele-Shaw cell containing one fluid displacing another fluid
At high enough Péclet numbers, and for miscible displacements, the measured fluorescence intensity is dominated by the 3D shape of the injected fluid and the diffusion between the two miscible fluids plays a minor role. Consequently, the contact area between the two fluids can be considered as being sharp in good approximation. Moreover, if the two fluids are not reactive and if there is no temperature gradient, the viscosity is thus constant in each region separated by this sharp interface. The variation of fluorescence intensity is thus due to the 3D shape of the injected fluid.
The situation described here is illustrated by Fig. 8 where a cross-section shows that the slightly diffuse interface between the two fluids is approximated by a sharp interface, Z(r, θ, t). The 3D profile of the injected fluid can be reconstructed once the relation between Z(r, θ, t) and the relative fluorescence intensity measured experimentally is known. To derive this relation, we neglect the difference of density between the injected and the displaced fluid. We thus assume that the shape of the injected fluid is symmetric with respect to the plane z = 0.
The fluorescence intensity received by 1 image pixel is still given by the sum of the intensities emitted by each elementary fluid volume below the area S. However, these intensities vary now along the vertical direction z. The relative fluorescence intensity, I R , of that pixel with respect to the 
where we introduced the quantities I R (µ) defined in Eq. (A1) and measured during the calibration process. Notice that we have also assumed that S is small enough such as Z(r, θ, t) can be considered as constant over this area. The profile is thus approximated by a piecewise constant function which is a consequence of the finite resolution of the camera. Finally, the relation between the 3D profile of the injected fluid, Z(r, θ, t), and the measured relative fluorescence intensity, I R (r, θ , t), is thus given by 2Z(r, θ, t) b = I R (r, θ, t) − I R (µ 2 ) I R (µ 1 ) − I R (µ 2 ) .
APPENDIX B: LAMINAR RADIAL FLOW BETWEEN TWO PARALLEL PLATES
We recall the derivation of the exact solution of the velocity profile, obtained using the Stokes approximation, for a laminar radial flow confined between two parallel plates. As shown below, this approximation is suitable in our case (provided both fluids have the same viscosity) since we are working at very low Reynolds number (Re 10 −4 ). Discussions about extensions of this solution including inertial effects and comparison to experiments at large Reynolds number can be found, for example, in Refs. [44] [45] [46] [47] [48] [49] .
The solution to the Navier-Stokes equation presented here can be found, for example, in Refs. 45 and 50 and is reproduced here for completeness. The Navier-Stokes equations for incompressible fluids reads
together with
where µ is the dynamic viscosity and ρ is the mass density. Using cylindrical coordinates (r,θ ,z), assuming radial symmetry with v = (v r , 0, 0), v r = v r (r, z, t), and ∂ θ P = 0, the radial component of Eq. 
The θ -component of Eq. (B1) yields an identity and the z-component is given by
